ABSTRACT Extracting the maximum possible kinetic energy from the ambient environment and enhancing the output power quality are two main concerning issues on the topic of integrating renewable energy resources with power grids. For this purpose, we propose a dynamic state estimation (DSE)-based sliding mode control (SMC) strategy to achieve such control purposes for doubly fed induction generator (DFIG) wind turbines connected to multi-machine power grids. The newly devised method leverages cutting-edge smart-grid technology for the design of dynamic state estimator, and the acquired states of sensorless DFIG systems are then utilized in the construction of the SMC scheme. A dechattering method is also proposed to alleviate unnecessary switchings that intrinsically exist in the original SMC scheme. Compared with the conventional control method, when operating under high wind speeds, the newly designed SMC strategy of DFIGs is capable of producing a faster response time, a higher mechanical energy extraction percentage, and a better power quality. Owing to the modern smart-grid technology and simplicity in implementing the SMC strategy, the proposed control method infers its potential of practical applications in industrial vision.
I. INTRODUCTION
With the concern of mineral fuel depletion and a range of adverse impacts of burning fossil fuels, wind energy has been considered an alternative energy source for more than a century. Numerous recent research papers have focused on designing and applying different control methods to gridconnected DFIG wind turbines in order to mitigate the negative influences created by electric faults as well as to enhance the stability of DFIG systems. In [1] , Ammar and Ammar proposed an enhanced flick mitigation method for DFIG, in [2] a new active filter has been proposed and incorporated into the grid side controller (GSC) of a DFIG system to supply additional harmonics, and in [3] a novel communicationbased fault-ride-through protection scheme was designed.
Incorporating state-of-the-art smart-grid technologies into renewables-integrated power systems for the stability analysis and control has now become the very trend in this field of study for both theoretical studies and industrial applications. For instance, in [4] , Wang et al. made use of neural networks for a gearbox fault detection scheme. More interestingly, Yu et al. [5] , [6] proposed a viable way of estimating the internal states of DFIG wind turbines connected to complex power systems, with valid comparisons performed. Following this work, researchers in [7] designed a set of new control strategies for DFIG wind turbines in power systems, which showed significant improvement in DFIG performances during faults. In achieving the work reported above, the authors made use of contemporary smart-grid technologies including advanced measuring devices and GPS synchronization techniques.
Despite the growing popularity of DFIG wind power plants, only a few academic papers have mentioned the long-term stability analysis and improvement schemes under variable wind speeds. In [8] , for instance, long-term voltage stability analysis is conducted where capability curve is claimed to be able to improve the stability. Nevertheless, enhancement of DFIG wind turbine system's performances during high-speed winds has not been thoroughly investigated; but rather, the conventional pitch angle control has been extensively adopted in relevant recent research work, see literature [9] and references therein. Conventional pitch angle control scheme incorporates a set of PI controllers that minimize the difference between actual rotor speed and the nominal rotational speed, which has proven to work effectively under low to moderately high wind speeds. However, when excessively high wind speeds, i.e., possible wind gusts occur, conventional control schemes may fail to provide appropriate protection for the DFIG wind turbine gearbox or ensure the quality of the output power. Paying due homage to aforementioned research work, we will continue to utilize smart-grid technology to obtain the states of DFIGs, then we propose a new SMC scheme to achieve DFIG control purposes in this study.
Sliding mode controllers are a variable structure, nonlinear control method that alters system dynamics by applying a discontinuous control signal that forces the system to slide along the normal behavior [10] . SMC method and its variations have been extensively used and applied to industrial applications. In [11] - [13] , new SMCs are proposed and respectively utilized to maximize existence region for single phase dynamic voltage restorers, sensorless control for surface-mounted permanent magnet synchronous generators, and high-order mismatched disturbance compensation for motor control systems. For SMC applied to regulate frequency and voltage in complex power systems, Yu et al. [14] have invented a novel control mechanism that has been implemented in a complex power system to regulate both busbar frequencies and voltage magnitudes when the system is operating under abnormal situations. More power-system related SMC strategies are reported in [15] and references therein.
Being aware of the drawbacks of conventional DFIG control strategies, in this paper, we propose a novel DSEbased SMC strategy for DFIG wind turbines connected to power systems with realistic specifications, so as to extract the maximum kinetic energy from the ambient wind under varying wind speeds, and also enhance the output power quality. However, as an intrinsic characteristic of the original SMC, there exist a number of unnecessary switchings, which may damage the mechanical components of DFIG turbines and limit its real-world applicability. To resolve this issue, a novel dechattering method is designed so as to minimize the unnecessary switchings. The dechattered SMC demonstrates significant improvement over conventional DFIG controllers, with a faster response and settling time, and a more favorable output power quality. The control strategy to be devised in this manuscript fully leverages modern smart-grid technology and is easy to implement in industrial applications. Note that this paper is an extended version of our previously published conference paper, see [16] , where the SMC is initially introduced and applied to DFIG-integrated power system. In this paper, in addition to the theory mentioned in [16] , we provide an advanced SMC strategy with detailed derivation and proof presented, which is modified to suit the application of DFIG in a power system. Furthermore, the main focus of this paper, apart from DFIG control, is on energy extraction and power quality improvement. To demonstrate these, we also provide a comprehensive control mechanism of the proposed SMC method, an enhanced dechattering scheme that substantially improves the granularity of the controlled variables, and lastly an extended simulation study, which demonstrates the superiority of energy extraction and power quality enhancement of the proposed SMC over the conventional DFIG control strategy.
The remainder of the paper is organized as follows. The mathematical model of DFIG is briefly discussed in Section II. In Section III, the proposed SMC scheme is described in detail. Then all control schemes are implemented and compared in a case study presented in Section IV. A conclusion is drawn in Section V.
II. MATHEMATICAL MODEL AND DSE OF DFIG ENERGY SYSTEM A. DFIG MATHEMATICAL MODEL
In this study, DFIG wind farm of interest is connected to an IEEE standard 9-bus 3-generator power system, as shown in Fig. 1 . This configuration becomes the base system for the purpose of this study and power generated by DFIG wind turbines under various wind speeds is investigated.
Doubly fed induction wind turbine generators have been widely used in wind power industry due to its high efficiency and reliability. The DFIG wind turbine model is normally divided into mechanical and electrical parts. The mechanical part of the DFIG model extracts the kinetic energy from the wind and transfers it to the electrical part where electricity is produced and transmitted to the power grid. If we denote wind speed as V w , the mechanical power P m and torque T m can be calculated with the following equations,
where ω r is the rotor speed, ρ a is the air density, A b is the area swept by the turbine blade as it rotates, and C p is the mechanical power coefficient. It is obvious from equation (1) that the mechanical power that can be extracted from the wind VOLUME 6, 2018 FIGURE 1. DFIG wind farm connected to modified IEEE 9-bus test system.
is proportional to the power coefficient C p as the rest items are either physics constants or characteristic constants determined by the configuration of the turbine. Power coefficient C p can be approximated by
where λ is the blade tip ratio, R b is the blade radius, λ r is an intermediate ratio, β is the wind turbine pitch angle, and d i , i ∈ {1, . . . , 8} are turbine constants. The above equations (3), (4) and (5) indicate that the power coefficient is determined by the blade tip ratio λ and the pitch angle β. The relation between electrical torque T e and mechanical torque T m is described with the following equation,
where constant H g is the generator mass inertia and F g is the friction factor. Note that here we have used the ''2-mass'' model of the wind turbine drive train to simplify the system formulation but without the loss of generality. From equation 1, we can easily detect that the power coefficient C p determines the mechanical power extracted from the wind. Also, we can notice from equation 4 that C p is affected by pitch angle β. Therefore, in this study, our focus lies in the design of a new SMC controller that maximize the power coefficient by varying pitch angle, hereby to make full use of the kinetic energy in the ambient wind, which will be detailed in Section III.
As for the electrical part of DFIG model, the electrical torque T e is obtained using stator flux ds and qs and stator current (i ds and i qs ), as shown below, T e = ds i qs − qs i ds .
The direct-quadrature components of rotor flux dr , qr and stator flux ds , qs can be calculated as, [17] through DC-link. For detailed information on the controller-converter part of DFIG model, see [5] . Abiding by the energy conservation law, the following equation can be derived to calculate the DC-link capacitor voltage V dc ,
where P RS and P GS are rotor side power and grid side power, respectively. Fig. 1 illustrates the topology of the power system to be studied in this paper, where a DFIG wind power plant is connected to a modified IEEE standard 9 bus test system. Note that G3 is replaced with the lumped DFIG wind turbine generators, and G1 and G2 remain intact, both of which are synchronous generators equipped with IEEE-Type I exciters. The differential-algebraic equations used to describe the dynamic behavior of the generators are detailed in [18] and [19] .
The power system of interest comprising of DFIG and synchronous generators can be formulated into the following compact form [5] ,
where x wp (t), u wp (t), y wp (t) are state vector, input vector and output vector of the wind power system, respectively, f wp (·) is the nonlinear state space mapping function, g wp (·) represents the algebraic function, and h wp (·) is the system output function. This compact form is created in order to facilitate the dynamic state estimation of DFIG. The input and output signals of are voltage and current magnitudes and phase angles, measured by PMU units and synchronized by GPS smart-grid technologies [6] .
B. DECENTRALIZED DSE OF DFIG
For a sensorless DFIG wind turbine, dynamic state estimation is required to acquire its internal states, namely to track its dynamical behavior. Filtering algorithms have been utilized in the estimation of DFIG internal dynamic states and with the use of PMUs, DSE can be realized in a decentralized manner [5] , [6] . As the rationales and steps of incorporating stochastic filtering algorithms to perform DSE has been elaborated in [5] and [6] , here we only present a brief discussion of UKF based dynamic state estimator. Unscented transformation (UT), a deterministic sampling technique, is able to pick the minimum set of particles (sigma points) around the mean and propagate the mean and covariance in a nonlinear manner. This characteristic enables this filtering technique to generate preferable estimation results at a relatively low computational cost, in comparison with other popular filtering methods [6] . In order to implement UKF, variables in (14) [5] , which is omitted in this paper.
III. DFIG TURBINE SPEED REGULATION SCHEMES
DFIG turbine speed controller contributes to maintaining DFIG functionality and regulating rotor speed under highspeed wind. A number of previous research papers have mentioned the methodology of the conventional speed regulation scheme, see [20] and references therein. In this section, a novel SMC scheme is proposed and explained, with its mathematical derivations presented, which will be incorporated in the power system of interest to regulate the DFIG behavior in Section IV. The entire control system is generalized and demonstrated in Fig. 2 , where different methods of turbine speed regulation can be implemented. The rationale behind the pitch angle control is to reduce the contact area between wind and the blade surface to diminish the kinetic energy intake and slow down the rotor rotational speed. With conventional method, when wind speed is above certain threshold value, the rotor speed may exceed its nominal value, which can damage the rotational mechanism in the mechanical system. Also, continuously decreasing the contact area reduces the percentage of mechanical energy extraction from wind. Therefore, a new controller needs to be proposed to overcome these disadvantages. The criteria of judging the effectiveness of pitch angle controller can be generalized as (i) speed of response, (ii) speed regulation depth, and (iii) output power quality, all of which have profound impacts on the entire wind turbine system as well as the power grid.
A. CONVENTIONAL CONTROL SCHEME Conventional pitch angle control scheme simply utilizes a set of PI controllers and a pitch angle compensator to minimize the difference between the actual rotor speed and its nominal value, which is shown in Fig. 2 , with the following equation [7] ,
where w D is the maximum angular speed. The pitch angle β is kept within 0 ≤ β ≤ 45 • and the rate of change of the pitch angle must reside in the range of 0 ≤β ≤ 2 • /s. Despite its popularity, this method has its limitations in dealing with high wind speeds. As wind speed is difficult to accurately predict and possible gusts and natural erraticity exist inherently, the proposition of a new control strategy method has become necessary for a better regulation of the rotor speed.
B. PROPOSED SLIDING MODE CONTROL SCHEME
For the purpose of devising a SMC scheme, a general system is described below. Note that the same notations as employed before are reused here, representing different functions.
υ(t) = (υ(t), C(t), u(t)),
and here (·) is a nonlinear continuous function, υ(t) is the state vector, C(t) is the control input, u(t) is the system input vector, ψ(t) is the output state vector. The control input C(t) satisfies the following constraint, 
We assume that any solution υ(t) of the system (16), (17) always belongs to some bounded closed region B. Then the following assumption can be made.
Assumption 1: For all υ ∈ B the following inequalities hold,
To make the output ψ(t) as close as possible to a given level 0 , the following controller is proposed,
where > 0 is a given time step. We define the steady state error E ss ( ) as follows,
The control law (19) falls in the category of sliding mode controllers, see e.g. [21] . Now the following theoretical result can be presented. Proposition 1: With Assumption 1 being valid, we consider the system (16), (17) with the sliding mode controller (19) . Then the steady state error (20) satisfies
Proof: Since the function ψ(·) is continuous and the region B is bounded and closed, it follows from Assumption 1 that there exist constants D > 0 > 0 such that
for all υ ∈ B. It is also clear thaṫ
for all solutions of the system (16). This and (22) imply that the output ψ(t) is always decreasing when C(t) = B up and it is always increasing when C(t) = B low . Furthermore, (22) implies that
Following (22) we can deduce that
Now it follows from the equations (19) , (24) (21) and thus completes the proof of Proposition 1.
C. IMPROVED SMC SCHEME
The proposed SMC scheme may bear unnecessary switchings in the control signal, limiting its real-world applicability to wind turbines, and hence we utilize SMC approximation technique [22] to suppress possible chattering induced by the designed SMC. Now let ε := |ψ(k ) − 0 | − |ψ((k − 1) ) − 0 | be the innovation error and > 0 be a given small positive value. We now introduce a piecewise linear saturation function (LSF) s (ε), shown as follows,
Furthermore, we introduce G sw [C] , a new switching function of the control signal:
To handle the chattering, the improved sliding mode controller can be written as:
Apparently, controller (28) is reduced to controller (19) when = 0. This enhanced SMC method is supposed to effectively suppress the unnecessary fluctuations in the conventional SMC method mentioned earlier. Particularly, the value of determines the performances of dechattering scheme, a critical variable to be tuned in applications.
As for this particular study, system state mapping function (·) = f wp (·), the output state ψ(t) is the rotor speed ω r (t), the control input C(t) is the turbine pitch angle β(t), υ(t) = x wp = [ω r , dr , qr , ds , qs , V dc ] T is the state vector, u(t) = [V t , θ t , V w ] T becomes the system input and r = [1, 0, 0, 0, 0, 0] T is the given vector in (16) . It can be noticed that the amalgamation of C(t) and u(t) forms the input vector u wp of DFIG system function as described in equation (14) . For sensorless DFIG, however, ω r is not directly obtainable and thus its estimateω r becomes the input of the speed regulator. With the implementation of UKF estimator, internal state vectorx can be estimated [5] and thereforeω r can be obtained byω r = r Tx . Physical restriction of the DFIG wind turbine indicates that the pitch angle β must satisfyβ ≤ 2 • /s. We choose the time constant in the control algorithm to be 0.1 s and thus β must satisfy 0 ≤ β(k ) ≤ 0.2 • , i.e., B low = 0 and B up = 0.2. Furthermore, the nominal rotor speed is 1.2 p.u., i.e., 0 = 1.2 and during high wind speeds, both conventional and proposed speed regulators attempt to bring the actual rotor speed to this value.
IV. CASE STUDY
In this case study, a range of wind speeds are incorporated to test and compare the proposed SMC with the conventional DFIG controller controller. The resultant rotor speeds, turbine pitch angles are first obtained and analyzed. In order to demonstrate that the proposed SMC is able to enhance the quality of converted mechanical power, blade tip ratios λ, power coefficients C p , chattering severity and saturation function coefficients are then demonstrated.
The variation of wind speeds is shown in Fig. 3 . DFIG pitch angle controller is triggered when the wind speed is greater than 12 m/s to regulate the rotor speed and protect their mechanical components. For the DFIG used in this study, the nominal value for the blade tip ratio λ nom is 8.1 and the nominal value for power coefficient C p is 0.48. The innovation error threshold , mentioned in Section IV, is chosen to be 5 × 10 −5 . A. TIME DOMAIN SIMULATION RESULTS Fig. 4 shows the turbine rotational speed with the given wind speed variations without any controllers. Apparently, the peak rotor speed is around 3.08 p.u., and the mechanical components of the DFIG gearbox can be damaged. Additionally, there is no discernible settling time in the no-controller situation, where the rotor speed keeps rising or dropping when step changes happen in wind speed. Fig. 5 demonstrates the changes of rotor speeds with conventional DFIG control strategy, i.e., a dedicated PI controller. It can be seen that the PI controller leads to a smooth transition from one rotor speed to another and the settling time varies with the magnitudes of wind speed steps, i.e., a larger step in wind speed results in a longer settling time, which can easily be identified in Fig. 5(a)∼(d) . The maximum rotor speed during the simulation is around 1.25 p.u., a value that may damage DFIG mechanical components and thus a lower regulated rotor speed needs to be achieved for the DFIG system in question.
The variation of pitch angle in the conventional control method is shown in Fig. 6 where the zenith point of β is approximately 21 • . From Fig. 6.(a) and (b) , one can tell that the rate of change of the pitch angle is strictly constrained within 2 • /s. Nevertheless, when the pitch angle increases, the effective contact surface area between wind and the DFIG turbine decreases, which means less energy is harnessed from the wind. In other words, the protection scheme settles the rotor speed down to a reasonable value at the expenses of less kinetic energy extraction. The proposed SMC strategies, on the other hand, aim to protect the DFIG mechanical system FIGURE 6. Pitch angle with conventional control scheme. as well as convert the optimal fraction of kinetic energy from the ambient wind. This point will be seen more clearly with the illustrations of the power coefficients to be shown later. Fig. 7 shows the rotor speed of DFIG with the proposed SMC. The SMC strategy is able to regulate the rotor speed at a much lower value than the conventional controller, indicating that the SMC scheme can provide better protection for the DFIG mechanism. The chattering, however, may nevertheless lead to computational malfunction, mechanical misbehavior and unstable output power in real-world applications.
The physical mechanism can deteriorate gradually due to continuous sudden changes (switchings) of pitch angles, which leads to the invention of the dechattering strategy. Fig. 9 displays the transience of the rotor speed with the improved SMC strategy. One can easily notice that the dechattered SMC is able to regulate the turbine speed to a similar value as the original SMC does, but with substantially less switchings in the control signal. The settling time of the improved SMC is within 2 seconds, inferring the enhanced SMC is capable of providing better protection for the mechanical parts of DFIG wind turbines under high-speed wind, in comparison to the original SMC, and undoubtedly the conventional control scheme. Fig. 11 demonstrates the change of the linear saturation function coefficient (LSFC), i.e., s (ε). According to LSFC (26) becomes valid and as the innovation error approaches to zero, LSFC gets closer to 0.5. This explains the phenomenon that in Fig. 11 , after the rotor speed settles after a sudden change in wind speed, the LSFC always rests at 0.5. On the other hand, during the settling period, either the first or the second equation (of equation set (26)) becomes valid, which causes the variations in LSFC with zenith and nadir points being 1 and 0 respectively. LSFC determines the control signal, namely the pitch angle, which is shown in Fig. 10 . From Fig. 9 and 10, it is clear that the dechattered SMC can regulate the rotor speed to the safe operating region within a very short time. Compared to the original SMC, the improved SMC has caused significantly less unnecessary pitch angle switchings due to the existence of the tolerance variable . When DFIG system reaches its equilibrium (equation (6) equals zero), the control mechanism stops and the pitch angle stays zero. Furthermore, when the wind speed decreases causing a drop in ω r , the innovation error ε < − and consequently the LSFC = 0 (see equation (26), Fig. 10 and Fig. 11) . That is to say, when wind speed reduces, the control signal C(k ) becomes C(k ) = C ((k − 1) ). Because the control signal is always 0 without disturbances, the control signal is kept at zero, which eliminates pitch angle switchings when wind speed falls and thus reduces the possible damage to the mechanical system caused by continuous step changes as can be seen in the original SMC. 12 indicates that the conventional controller issues a greater blade speed ratio than the original and the improved SMCs. This phenomenon can be explained with a higher rotor speed regulation depth of the SMC schemes, i.e., a lower resultant rotor speed (see equation (4)). Power coefficient curves in Fig. 13 demonstrates the advantage of using SMC and improved SMC over the conventional pitch angle control scheme in producing stable output power. Equation (1) can be rewritten as P m = KV 3 w C p , where K is a constant determined by the physical characteristics of the DFIG tubine. The above equation infers that the output mechanical power is proportional to the product of V 3 w and C p . The term V 3 w is cube of the uncontrollable wind speed. That is to say, a more stable power coefficient C p generates a more reliable mechanical power and a greater C p indicates a larger percentage of kinetic energy that can be extracted from the wind. Fig. 13 indicates that the proposed SMC schemes can make better use of the mechanical energy that exists in the high-speed winds. The oscillations that exist in the original SMC scheme, however, can cause unstable mechanical power output. In metric unit system, the base mechanical power for each turbine is 1.5 MW, and with 60 such wind turbines in the wind farm the base power becomes 90 MW, which implies that a 1 × 10 −3 p.u. difference in C p can result in 90 KW fluctuations in output power. This solidifies the effectiveness of the improved SMC scheme, which can effectively mitigate the chattering impacts and thus is capable of increasing the quality of the power generated from the mechanical part of DFIG. Fig. 14 further verifies that the proposed SMC strategies are capable of extracting more kinetic energy from high-speed winds and producing a more stable mechanical power.
B. SMALL-SIGNAL STABILITY ANALYSIS
It is of great importance to maintain the stability of the overall power system while implementing the proposed SMC strategy, and thus small signal stability analysis is performed in this subsection to indicate the stability of the power system when the pitch angle varies. Similar to (14) the nonlinear mathematical model describing a power system can be written in the following compact form [23] ,
where X is the dynamic state vector of the power system, including the dynamics of the DFIG and synchronous generators (visit [19] for detailed equations); and U is the control input vector, which in this case is the pitch angle. Function f (·) is the system state-space function and g(·) = 0 is the algebraic equation set. System SSSA requires system linearization, with the compact form in (29), the system matrix A sys can be calculated symbolically as follows,
where A sys and B sys are the system matrix and the input matrix of the linearized system model. With the acquired system matrix, the effects of varying parameters on the system stability can be observed and analyzed. See [23] for more details on the procedures of linearizing a power system. Fig. 15 (a) shows part of the eigenvalues of the power system with pitch angle ranging from −0.2 • ∼ 21 • , which covers the entire range of the pitch angle variations in both conventional PI method and also the proposed SMC method. Fig. 15 (b) is the zoomed-in version of Fig. 15 (a) , with a primary focus on real part in −1 ∼ 0. All eigenvalues in all conditions reside at the left hand side of the complex plane, indicating a stable power system.
V. CONCLUSION
With contemporary smart-grid technology, a novel DSEbased SMC speed regulation strategy has been proposed in this study for DFIG WTs connected to power systems in order to ameliorate the under-performance of conventional DFIG control schemes when working under high-speed wind. Through extensive simulations, the superiority of the newly proposed SMC scheme over traditional controllers is demonstrated, and the new control method has been proven to be capable of harnessing more kinetic energy and improving the output power quality. The designed SMC strategy facilitates the integration of wind energy sources to power grids, and has the potential of industrial applications due to its simplicity in implementation and efficacy on enhancing performances of DFIG WTs in power grids. Future work may involve expanding the application spectrum of the proposed SMC strategy to more complex power systems, and also developing a systematic way of finding the optimal tolerance constant , using optimization algorithms.
